The enigmatic sensation of tingle involves the activation of primary sensory neurons by hydroxy-alpha-sanshool, a tingly agent in Szechuan peppers, by inhibiting 2-pore potassium channels. Central mechanisms mediating tingle sensation are unknown. We investigated if a stable derivative of sanshool, isobutylalkenyl amide (IBA), excites widedynamic range (WDR) spinal neurons that participate in transmission of chemesthetic information from the skin. In anesthetized rats, the majority of WDR and low threshold units responded to intradermal injection of IBA in a dose-related manner over a >5 min time course, and exhibited tachyphylaxis at higher concentrations (1 and 10%). Almost all WDR and low threshold units additionally responded to the pungent agents mustard oil (allyl isothiocyanate, AITC) and/or capsaicin, prompting reclassification of the low threshold cells as WDR. The results are discussed in terms of the functional role of WDR neurons in mediating tingle sensation.
INTRODUCTION
Szechuan pepper (sansho) from the plant genus Xanthoxylum piperitum is used as a spice due to the unique tingling paraesthetic and numbing sensations imparted by the primary active chemical, hydroxy-α-sanshool. The southern prickly ash (Xanthoxylum clava-herculis) indigenous to the southern US is called the "toothache tree" owing to anesthetic properties of its bark (Jacobsen, 1948) . The tingling, buzzing, cooling and numbing sensations elicited by hydroxy-α-sanshool differ from the burning sensation elicited by capsaicin, the pungent chemical in chili peppers (Bryant & Mezine, 1999; Sugai et al., 2005a,b; Yang, 2008) , suggesting that sanshool activates a different population of sensory receptors than capsaicin which acts via TRPV1 receptors expressed in the nerve endings of polymodal nociceptors. Hydroxy-α-sanshool was shown to increase spontaneous firing in cool-sensitive fibers and to elicit responses in mechanosensitive fibers, cold nociceptors and mechanically-insensitive fibers recorded in rat lingual nerve (Bryant & Mezine, 1999) , suggesting that sanshool activates a variety of sensory receptors. It was recently reported that hydroxy-α-sanshool excites cells expressing TRPV1 or TRPA1 (Koo et al., 2007) which are associated with nociception (Dhaka et al., 2006) , although sanshool was reported to be much less effective than capsaicin in activating cells expressing TRPV1 receptors (Sugai et al., 2005a) . A very recent study reported that hydroxy-α-sanshool activates small-diameter sensory neurons expressing TRPV1 receptors (but not TRPA1), as well as large-diameter sensory neurons expressing TrkC, by inhibiting anesthetic-sensitive 2-pore K+ channel subtypes KCNK3, KCNK9 and KCNK18 (Bautista et al., 2008) . The available data suggest that sanshool 4 activates mechanoreceptors, possibly contributing to the tingling sensation, as well as nociceptors associated with pungency.
A derivative of hydroxy-α-sanshool, isobutylalkenyl amide (IBA), elicits a tingling and slightly cooling sensation (Simons & Ward, 2005) . We wished to use this compound as a tool to investigate spinal cord mechanisms involved in tingle sensation, for which there is currently no information. We reasoned that if IBA excites mechanoreceptors, it should activate mechanosensitive neurons in the spinal cord dorsal horn involved in the rostral transmission of somatosensory information and sensorimotor integration. We therefore recorded IBA-evoked responses of two mechanoresponsive neuronal populations, those initially characterized as low-threshold mechanosensitive (LTM), and wide dynamic range-type (WDR) neurons that receive convergent input from mechanoreceptors and nociceptors (Willis & Coggeshall, 2004; Le Bars & Cadden, 2008) . We hypothesized that tingle has a mechanoreceptive component and that IBA would excite both LTM and WDR neuronal subtypes. An abstract of this work has appeared (Sawyer et al., 2008) .
MATERIALS AND METHODS

Surgery
Thirty-six adult male Sprague Dawley rats (wt. 400-575g) were used under an experimental protocol which had been approved by the UC Davis Animal Use and Care
Committee. Rats were anesthetized with sodium pentobarbital (65mg/kg ip, induction).
After induction a catheter was inserted in the jugular vein or lateral tail vein to maintain anesthesia to a level of areflexia (10-20mg/kg/hr), and a tracheostomy tube was placed.
The electrocardiogram (EKG) and core body temperature were recorded constantly 5 throughout the experiment and body temperature was controlled with a heating pad and heat lamp.
A laminectomy was performed to expose the lumbar spinal cord. The spinous processes of L1 and T13 were removed and the transverse processes of L2 and T12 were clamped for stability (for details, see Merrill et al. 2008) . After exposure of the spinal cord the dura was removed and warm agar was poured over the spinal cord.
Recording and stimulation
An insulated tungsten electrode (Frederick Haer, Bowdoin, ME) was used for extracellular single-unit recordings of dorsal horn neurons. The electrode was inserted in the lumbar spinal cord by a hydraulic microdrive (Kopf Instruments, Tujunga, CA) up to a depth of 800 µm. Recordings were made from second-or higher-order neurons with receptive fields on the hind paw. Action potentials were amplified by conventional means and connected to a computer through a Powerlab interface (AD Instruments, Grand Junction, CO). Chart 5.0 software (AD Instruments) continuously displayed action potentials, EKG, and temperature of the skin-thermode interface. Custom software was also used on a second computer to display and record the same action potentials simultaneously (Spike; Forster and Handwerker 1990) .
Mechanical and thermal stimulation
Each unit was initially classified as LTM or WDR based on responses to graded mechanical and thermal stimuli. Mechanical stimuli included a series of von Frey filaments ranging from 0.02-126 g force (duration 1 sec), air puff, cotton wisp, touch, and pinch (duration 3 sec). Thermal stimuli were delivered with a Peltier thermode (NTE-2A, Physitemp, Clifton NJ). The skin-thermode interface temperature was measured with 6 a thermocouple (IT-21, Physitemp) connected to a BAT-12 (Physitemp) thermometer and the resting temperature was ~32 °C. The heat stimulus was an increase to 43 °C over 30 seconds and the cold stimulus was a decrease to 0 °C over 75 seconds. Cells which exhibited a differential response to increasing mechanical stimuli and/or responded to heat or cold were classified as WDR. Cells which had equal responses to von Frey hairs of 12 g and 126 g and did not respond to heat or cold were initially classified as LTM.
Chemical stimulation
After initial mechanical and thermal classification, an array of chemicals was tested on the hind paw of the rat. IBA (Givaudan, Cincinnati OH), propylene glycol (PG; MWI Veterinary Supply, Meridian, ID), saline, and capsaicin (Sigma, St. Louis MO)
were injected intradermally (id) in a 1µl volume. Each chemical was injected via a separate 30 gauge needle attached to a Hamilton syringe with PE 50 tubing. Mustard oil (allyl isothiocyanate, AITC, 75%; Fluka, St. Louis MO) was applied topically on the paw in 2 µl increments. All units were tested with one of four concentrations of IBA (10%, 1%, 0.1%, or 0.01% in PG). A second injection of IBA at the same concentration was delivered 20 minutes after the first. A subset of units was also tested for response to PG, either before or after IBA injection. After injection of IBA and PG, 2 µl of AITC were applied to the receptive field on the paw. Ten minutes following application of AITC, 1ul of 0.01% capsaicin was injected id.
Histology
At the conclusion of the recording, an electrolytic lesion was made through the microelectrode. The spinal cord was post-fixed in 10% buffered formalin and 7 subsequently cut on a freezing microtome as described previously (Merrill et al., 2008) .
Spinal cord sections were examined under the light microscope to identify lesion sites.
Data analysis
Action potential data are displayed in peristimulus-time histogram ( 
RESULTS
Unit classification
Data were collected from 47 units; 36 were classified as WDR and 11 initially classified as LTM. A typical example of a WDR unit is shown in Fig. 1 . Units were located up to 800 µm deep and histologically confirmed to be in superficial and deep laminae of the dorsal horn (Fig. 2B inset) . (Table 1 ). Fig. 1A shows an individual example of a WDR cell that was unresponsive to vehicle (PG) but responded robustly to 10% IBA. It also responded to a second injection of IBA with a slower onset, and additionally responded to AITC, capsaicin and heat (Fig. 1B) . Fig. 2 shows averaged responses of units initially categorized as LTM ( Fig. 2A ) and WDR units (Fig. 2B) . For both LTM units and WDR units, the first IBA injection elicited a significant increase in firing above baseline levels that persisted >5 min; the overall spike count for LTM cells was significantly greater than for WDR (p<0.05). The second IBA injection elicited a much smaller response indicative of tachyphylaxis ( Fig. 2A, B , upper row of PSTHs). Vehicle (PG) injection elicited a weaker and shorter response compared to the first IBA injection ( Fig. 2A, B; lower row of PSTHs).
Responses to 10% IBA and other stimuli
For the units initially categorized as LTM, responses to the 12 g and 126 g mechanical stimuli were not significantly different and the units did not respond to heating and only one responded to cooling ( Fig. 2A ; Table 1 ). Importantly, however, following the test with IBA these units responded robustly to AITC and exhibited a weaker response to capsaicin ( Fig. 2A) , indicating that they receive nociceptive input.
Furthermore, 4/7 units that were initially insensitive to thermal stimuli later responded to noxious heat (Table 1 ). All units classified as LTM responded either to AITC or capsaicin, or both (Table 1) . For this reason, the "LTM" units were reclassified as WDR for subsequent analysis.
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The averaged responses of the WDR units were similar to those of the LTM units, except that a substantial proportion of WDR units responded to heating and/or cooling (Table 1 ) and responses to the 12 and 126 g mechanical stimuli were significantly different (Fig. 2B) .
The WDR units and LTM units that were subsequently reclassified as WDR (see above) were pooled to yield a total of 23 units that were tested with two successive injections of 10% IBA delivered at a 20 min interval. The black PSTH in Fig. 3A shows the mean response to 10% IBA of all units pooled. The mean firing rate following the first IBA injection was significantly greater than baseline for five minutes (LSD, p< 0.05 at all time points). A second injection of 10% IBA, 20 minutes after the first injection, elicited a smaller response indicative of tachyphylaxis (Fig. 3A) . Neuronal firing over the 10-min post-IBA period was significantly less for the second compared to first IBA injection (ANOVA, p<0.001). Fourteen of the 23 units were tested with PG as vehicle control, and a few exhibited increased firing. The gray PSTH in Fig. 3A shows the mean activity following PG, which was significantly above the baseline rate only during the first minute post-PG (p=0.003).
1% IBA
The averaged response of 11 WDR units tested with 1% IBA is shown in Fig. 3B .
Post-IBA the firing rate was significantly elevated for 2 min (LSD, p<0.05).
Seven of these units were tested with PG, which did not significantly affect firing postinjection (Fig. 3B, gray PSTH) . A second injection of 1% IBA in 8 units elicited a smaller response that over the initial 5-min post-IBA period was significantly different compared to the first IBA injections (p< 0.05).
0.1% IBA
There was no significant difference between the responses to 0.1% IBA (eight units) and the responses to PG (six units). Both 0.1% IBA and vehicle (PG) resulted in an increase in firing above the baseline rate for 1 minute post injection (LSD p< 0.05 for both; Fig. 3C ).
0.01% IBA
The trend toward increased firing rate following injection of 0.01% IBA did not reach statistical significance (p=0.059) and did not differ from vehicle (PG; Fig. 3D ).
IBA dose-response
Corrected data for baseline activity and vehicle (PG) activity ([IBA response-
IBA baseline]-[PG response-baseline]) was compared between groups for different IBA concentrations, and the dose-response curve is shown in Figure 4 . Only the responses to 10% and 1% concentrations of IBA were significantly different from baseline, and the response to 10% IBA was significantly different from that to 1% IBA (ANOVA, p=0.02). The response to 1% IBA was significantly greater than zero (t-test, p=0.002).
Responses to neither 0.1% nor 0.01% IBA were significantly different from zero.
DISCUSSION
The present results show that IBA, a derivative of hydroxy-α sanshool from Szechuan pepper that induces a tingling sensation, activates a majority of spinal WDR neurons. An unexpected finding was that units initially classified as LTM, based on the absence of responses to strong mechanical and thermal stimuli, responded to the irritants AITC and/or capsaicin following IBA and were thus reclassified as WDR. These 11 findings are discussed in terms of the functional role of WDR neurons in signaling tingle and other sensations, and other potential mechanisms underlying tingle.
WDR neurons and tingle
Consistent with prior observations (Carstens, 1997; Merrill et al., 2008) , the majority of the present WDR neurons responded to thermal stimuli and the irritant chemicals AITC and capsaicin, in addition to IBA. No IBA-responsive neurons were found that did not additionally respond to AITC and/or capsaicin which induce burning pain, suggesting that "tingle-specific" neurons are rare or non-existent.
WDR neurons have been considered to be sufficient to signal pain sensation based on correlations between the refractory period for electrically-evoked pain sensation in humans and for antidromic excitation of monkey WDR neurons Mayer et al., 1975) , as well as the strong correlation between WDR neuronal responses and behavioral temperature discrimination (Maixner et al., 1986) . This implies that part of the mechanism of IBA-induced tingle involves activation of nociceptive pathways.
Conceivably, tingle elicited by sanshool derivatives is mediated via coactivation of mechanoreceptors and nociceptors (and possibly also thermoreceptors), as discussed below. Another possibility is that the tingle is largely mechanoreceptive in nature with little contribution from nociceptors, such that the excitation of WDR neurons by IBA is an epiphenomenon due to convergent mechanoreceptor input onto WDR neurons that is unrelated to tingle.
Although WDR neurons are widely thought to signal pain, they respond to multiple noxious and innocuous thermal, chemical and mechanical stimuli. Responses to low-threshold mechanical stimuli can be larger than responses to noxious heat (LeBars & 12 Chitour, 1983; Douglass & Carstens, 1997) . These observations make it difficult to explain how WDR neurons can discriminate among different stimulus qualities, or to signal intensity based on firing rate, and their sensory function remains enigmatic (Le Bars & Cadden, 2008) . Conceivably, WDR neurons may participate in signaling tingle based on some parameter of their firing. One possibility is the firing pattern, although we did not presently observe any noteworthy pattern of WDR neuronal firing such as bursting. Another possibility is response magnitude, which is dose-dependent, or response duration. Again, we did not observe any marked differences in the duration of responses elicited by IBA compared to AITC or capsaicin. A third possibility is population coding. A large majority of spinal WDR neurons respond indiscriminately to a variety of chemicals associated with pain, itch or tingle (Carstens, 1997; Jinks & Carstens, 2000 , 2002 . There may be overlapping sub-populations of spinal neurons that are preferentially excited by a given chemical stimulus to result in qualitatively distinct sensations of tingle, itch or pain. A variant may involve coactivation of WDR neurons and mechanoreceptors; each population projects in separate pathways whose combined activity may signal tingle (see below).
We presently chose not to search for nociceptive-specific (NS) neurons, primarily to avoid repetitive noxious mechanical stimulation of the skin. However, recent studies indicate that hydroxy-α-sanshool activates small dorsal root ganglion (DRG) cells expressing TRPV1 and TRPA1 receptors (Koo et al., 2007; Bautista et al., 2008) , suggesting that nociceptors may contribute to the pungency that may accompany tingle sensation (Bryant & Mezine, 1999; Simons & Ward, 2005; Sugai et al., 2005a,b; Yang, 2008) . Speculatively, sensitization of some NS neurons may result in their excitation by 13 low threshold mechanosensitive afferents, essentially changing them to WDR neurons that might participate in the central transmission of tingle sensation.
"LTM" neurons
An unexpected finding was that most spinal neurons initially classified as LTM responded to IBA, and all such neurons were subsequently excited by AITC and/or capsaicin. Classification of units as LTM was based on traditional criteria of unresponsiveness to thermal stimuli and lack of incremental response to weak vs. intense mechanical stimulation. However, few, if any, prior studies tested effects of irritant chemicals on LTM neurons. All presently recorded LTM neurons responded to IBA and additionally to AITC and/or capsaicin. We interpret this to indicate that these thermally unresponsive, low-threshold mechanosensitive neurons nevertheless received chemonociceptive afferent input, thus warranting their reclassification as WDR. Several (4/7) LTM units that were initially unresponsive to noxious heat later exhibited heat-evoked responses ( Table 1 ), suggesting that they received input from thermal nociceptors that was initially subthreshold but became suprathreshold due to sensitization by prior chemical stimulation.
The vast majority of spinal neurons recorded in the unanesthetized cat are LTM with few (<10%) WDR neurons (Collins & Ren, 1987; Collins et al., 1990) . Much higher percentages of WDR neurons (34-61%) occur under pentobarbital anesthesia, and in some cases LTM neurons recorded in the absence of anesthesia were observed to become responsive to noxious heat when anesthesia was added, prompting them to be reclassified as WDR (Collins & Ren, 1987) . Under the present conditions of a constant level of pentobarbital anesthesia, 75% of neurons were initially classified as WDR and 14 the remaining 25% of cells initially classified as LTM were subsequently reclassified as WDR based on responses to irritant chemicals. These data imply that the vast majority of spinal dorsal horn neurons may be WDR, and that the proportion of LTM neurons may have been previously overestimated based on anesthetic level as well as the lack of use of an extended array of noxious stimuli to characterize neurons.
Causes and mechanisms of tingle
Tingling sensation has a number of causes including paraethesias elicited by electrical stimulation of peripheral nerves or central structures, recovery from nerve compression, and contact of skin or oral mucosa by sanshool and carbonated beverages.
The paraesthetic sensation of tingle associated with electrical stimulation or nerve compression is unnatural, and presumably not a specific sensory quality with its own unique receptor. Tingling sensations were frequently elicited by electrical stimulation within the core region of somatosensory thalamus (Lenz et al., 1993) , presumably due to synchronous activation of multiple mechanosensitive neurons whose combined activity signals tingle. The tingle of hydroxy-α-sanshool may similarly result from its synchronous excitation of multiple sub-types of somatosensory receptors (Bryant & Mezine, 1999) .
Tingling, buzzing and pricking paraesthetic sensations commonly occur during recovery from pressure block of a nerve, and in some cases intermittent tingling sensations coincided with periods of busting activity in simultaneously recorded primary afferent fibers (Ochoa & Tjorebork, 1980) . We did not observe any cases of intermittent bursting activity in WDR neuronal responses following IBA. However, activity (including bursting) in multiple primary afferents having different conduction velocities 15 would provide an asynchronous input to the spinal cord and higher centers that might be interpreted as tingle. Since sanshool compounds have both tingling and numbing qualities, they may exert both excitatory and local anesthetic effects on primary afferents to create an abnormal population firing pattern. "Islands" of active afferents surrounded by anesthetized fibers might create a pattern of mechanosensitive input from restricted distinct areas of the skin that is interpreted as tingle.
Another possibility is that tingle is mediated by a population code involving sanshool excitation of WDR neurons that mediate pain, and co-excitation of mechanoreceptor afferents. Hydroxy-α-shanshool was recently shown to activate largediameter DRG cells expressing TrkC; these cells were also activated by hypertonic saline suggesting that they were mechanoreceptors (Bautista et al., 2008) . Some WDR neurons are known to project in the spinothalamic tract, while many mechanoreceptor afferents ascend via the dorsal column pathway (Willis & Coggeshall, 2004) . Coactivation of these pathways might provide a neural population code for tingle.
An oral sensation of tingle is also elicited by ingesting carbonated beverages, via conversion of CO 2 in bubbles to carbonic acid, which in turn activates trigeminal nociceptive pathways (Simons et al., 1999) . This tingling sensation is independent of the mechanical effect of bursting bubbles, since it persists tens of seconds after the carbonated beverage has been expectorated (Green, 1992) . This mechanism of tingle differs from that recently described for hydroxy-α-sanshool which involves inhibition of 2-pore K+ channels (Bautista et al., 2008 response to 1% significantly greater than 0 (p < 0.005, t-test); response to 10% significantly greater than 1% (p < 0.05, ANOVA). Error bars: SEM. Number in parentheses: group size.
